The mutual separation of trivalent lanthanoids is difficult due to their remarkable chemical similarity. Although the solvent extraction method is a best choice for the separation, light lanthanoids such as lanthanum (La 3+ ) generally have lower extractability than heavy ones such as lutetium (Lu 3+ ) because of their electrostatic nature or complexation ability. In other words, the selectively extractive separation of light lanthanoids from heavy ones is very difficult. Several researchers have investigated synergistic extraction systems using crown ethers including 18-crown-6 (18C6) and its analogs as size-recognizing synergistic reagents to enhance the extractability of light lanthanoids. 1 Especially, it is interesting that a synergistic extraction system using 2-thenoyltrifluoroacetone (Htta) and 18C6 as extractants and 1,2-dichloroethane having high polarity as an extraction solvent under the coexistence of hydrophobic perchlorate anion (ClO4 -) resulted in a uniquely high extractability of La 3+ as ion-pair La(tta)2(18C6)
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Recently, various novel extraction systems using several hydrophobic ionic liquids (ILs) as extraction phase have been investigated for the extraction of metal cations. 3, 4 Although neutral ligands have been mainly used in the systems including for lanthanoids, 5-7 ionic liquid chelate extraction system [8] [9] [10] in which an anionic (Brønsted acid-type) chelating agent such as Htta as extractant has superiority that chelates extracted into "non-volatile" IL can be back-extracted quantitatively by using an aqueous acid solution. Furthermore, in the system, metals can be extracted not only as neutral complexes but also as cationic or anionic ones by the ion-exchange process. Thus, the union of the ionic liquid chelate extraction system with the synergistic extraction system using a crown ether may result in the development of a novel selective extraction system for light lanthanoids.
In this communication, we report on a fundamental study concerning a novel synergistic extraction system for a possible selective separation of light lanthanoids using an IL, , was efficiently extracted as a cationic ternary complex by the cation-exchange process, whereas europium (Eu
3+
) and Lu 3+ showed relatively low extractability without forming respective ternary complexes.
Experimental
Chemicals were reagent-grade materials, and were used without further purification. Ionic liquid [bmim] [Tf2N] was synthesized according to a reported procedure. 11 Distilled and deionized water was used throughout.
An extraction study was performed as follows. In a centrifuge tube, an aliquot (1 cm 3 ) of [bmim] [Tf2N] containing 1 ¥ 10 -2 mol dm -3 of Htta and 18C6 and 5 cm 3 of an aqueous phase containing 5 ¥ 10 -4 mol dm -3 of Ln 3+ (Ln = La, Eu or Lu), 1 ¥ 10 -1 mol dm -3 of lithium chloride and 1 ¥ 10 -2 mol dm -3 of buffer (acetic acid) were shaken mechanically at 25 ± 1˚C for 90 min. After the two phases were separated by centrifugation, the pH in the aqueous phase was determined.
The metal concentration in the aqueous phase and that in the extraction phase (after back-extraction into 5-fold volume of 1 mol dm -3 hydrochloric acid) were determined by a spectrophotometric method using Arsenazo III.
12

Results and Discussion
The extracted ratios (%E) of Ln 3+ into the [bmim] [Tf2N] extraction phase with Htta and 18C6 were plotted as a function of the aqueous-phase pH. The results are shown in Fig. 1 A novel synergistic extraction system was investigated for the possible selective separation of light lanthanoids using an ionic liquid, 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, as an extraction solvent and 2-thenoyltrifluoroacetone and 18-crown-6 as extractants. Trivalent lanthanum was efficiently extracted as a cationic ternary complex by the cation-exchange process, whereas europium and lutetium showed relatively low extractability without forming respective ternary complexes. This result is thought to originate in a size-fitting effect of 18-crown-6 to lanthanum and the unique nature of the ionic liquid as a chelate extraction solvent. . Furthermore, the extraction selectivity order in the Htta-18C6 synergistic extraction system was La 3+ (half-extraction pH (pH1/2) = 3.54) > Lu 3+ (4.00) ≥ Eu 3+ (4.03), and was different from that in the Htta alone system, Lu 3+ (pH1/2 = 4.04) ≥ Eu 3+ (4.14) > La 3+ (4.74). In addition, 18C6 alone system showed no extractability for these lanthanoids.
To evaluate the extracted species, the relationships between the logarithmic distribution ratios (log D) for La 3+ and the aqueous-phase pH, initial logarithmic Htta concentration in the [bmim] [Tf2N] extraction phase (log Ce(Htta)) and the logarithmic initial 18C6 concentration in the phase (log Ce(18C6)) were investigated. These plots are shown in Fig. 2 along with those in the Htta alone system. In the Htta alone system, the slopes obtained for log D vs. pH and log D vs. log Ce(Htta) plots are 3.39 and 3.21, respectively, showing that neutral La(tta)3 and anionic La(tta)4 -are extracted competitively as follows: La 3+ + 3Htta(e) ? La(tta)3(e) + 3H + (1) La 3+ + 4Htta(e) + Tf2N -(e) ? La(tta)4 -(e) + 4H + + Tf2N - (2) where subscript (e) shows the extraction phase. The other lanthanoids such as Eu 3+ and Lu 3+ seemed to be extracted with the same mechanisms. In addition, similar equilibria for Eu 3+ and trivalent neodymium were also reported by Jensen et al. 13, 14 In the Htta-18C6 system, on the contrary, the obtained slopes for log D vs. pH, log D vs. 
Namely, in the synergistic system, La 3+ is extracted with a cation-exchange process. In addition, the extraction of cationic ternary complexes into IL was not reported previously.
As mentioned above, Eu 3+ and Lu 3+ showed little synergistic effect in this system. It is interesting that, for these middle and heavy lanthanoids, neither cationic ternary complexes nor neutral adducts are stable. Although more detailed research is necessary, these results seem to be consistent with the relative stability of hydrated (coordinatively unsaturated) neutral complexes and fluorine-containing anionic complexes in the IL phase as reported previously. [8] [9] [10] On the contrary, the high stability of the cationic La complexes is thought to originate in a size-fitting effect between 18C6 (cavity size = 0.268 -0.286 nm) 15 and La 3+ (ionic diameter = 0.243 nm at the coordination number 9), 16 or a steric effect in forming the ternary complexes. Namely, it was considered that this "ionic liquid synergistic cation-exchange system" using crown ether can evolve into a novel mutual separation method between lanthanoids by optimizing the affinity between the crown ether and IL as an extraction phase to stabilize the dicationic ternary complex, and tuning the IL cation as an exchangeable ion. The initial Htta concentration was 1 ¥ 10 -2 mol dm -3 on (A) and (C), the initial 18C6 concentration was 1 ¥ 10 -2 mol dm -3 for the synergistic system on (A) and (B), and the aqueous-phase pH was 3.5 (the synergistic system) and 4.8 (the Htta alone system) on (B) and (C). The broken lines were obtained by a least-squares fitting.
